In this review, a new classification of elements based on behavior in hydrofluoric acid (HF) solution is presented for the precise quantitative analysis of each element by inductively coupled plasma mass spectrometry (ICP-MS). The elements are divided into 7 groups: (1) "fluorophile" elements; (2) insoluble fluoride-forming elements; (3) "bromophile" or "iodophile" elements; (4) "oxophile" elements; (5) "aquaphile" elements; (6) bare cation elements; and (7) other elements. Especially, the importance of fluorophile and insoluble fluoride-forming elements in elemental analysis is described. Due to the elemental characteristics, these two groups of elements cannot be dissolved simultaneously in the same solution, and thus cannot be measured together. In addition, coprecipitation of the fluorophile elements with the insoluble fluorides occurs in some conditions and hinders accurate analysis. The peculiar conditions when the coprecipitation occurs are discussed, and the "Al-addition" and "Mg-addition" methods for overcoming these problems are described. In addition, some state-of-the-art analytical techniques in ICP-MS are shown, and future directions of the element analysis are presented.
Introduction
Chemical compositions of bulk silicate samples are the most basic data, they are prerequisites for understanding the characteristics of silicate samples. Inductively coupled plasma source mass spectrometry (ICP-MS) is widely applied to bulk silicate sample analyses because it has low detection limits for most elements and because it yields a simple mass spectra of isotopes, backgrounds and interferences.
Therefore, time-consuming complicated chemical procedures for preconcentration of target elements are generally not required. Thus the use of ICP-mass spectrometers has increased in many geochemical, geological and environmental laboratories.
However, this extremely rapid growth in ICP-MS applications has outpaced development of accurate chemical methods for solution preparation, resulting in inaccurate results and confusion in interpretation.
Electron micro probe analysis (EMPA), laser ablation inductively coupled plasma source mass spectrometry (LA-ICP-MS) or secondary ion mass spectrometry (SIMS) can provide quantitative spot analyses at ~μm levels in a short time without any tedious wet chemistry.
X-ray fluorescence spectroscopy (XRF) can yield bulk composition for major and minor elements. However, all these modern techniques require standard reference materials, because analytical results are affected by matrix elements of silicate samples.
Standard materials are commercially available, but sometimes there are no data or wrong data on the certificate. Therefore, we must get data by ourselves and we need to evaluate the precision of the data. For this purpose, wet chemistry is a prerequisite, Reviews and can still give essential data for a spot analysis or XRF. There are three main ways of silicate sample digestion: (i) hydrofluoric acid (HF) digestion; (ii) alkaline fusion; and (iii) acid digestion without HF. The HF digestion is the most common method suitable for ICP-MS, because it has low blanks and total solids. The alkaline fusion and acid digestion without HF are used for special cases, such as determination of platinum group elements (PGEs) or high field strength elements (HFSEs).
In the HF sample decomposition, stable insoluble fluorides such as MgF2, CaF2, or AlF3, are formed, and coprecipitation of trace elements with these fluorides causes imperfect recovery or insufficient isotopic equilibria. Furthermore, some elements are lost during evaporation with HF or other hydrohalic acids. Basic knowledge of the characteristics of elements in HF solution is required for accurate wet chemical analysis but it is not systematically taught to students in interdisciplinary sciences, such as geochemistry or geology. Therefore, in this review, an overview of the elemental characteristics in solution is given based on concept of complexing. Then we focus on problems in the HF digestion, describe precautions based on the elemental characteristics, and present analytical methods and techniques used in PML (the Pheasant Memorial Laboratory for Geochemistry and Cosmochemistry).
New Classification of Elements Based on Their Behavior in HF Solution
If silicate samples are decomposed with HF, dried, and then dissolved with HCl or HNO3, the solution looks "clear", and it seems that the digestion procedure is perfect. However, when the solution is centrifuged, there may be gel materials at the bottom. 1,2 These are insoluble Al-Ca-Mg fluorides. In contrast, if samples are dried with HClO4 to decompose the fluorides, which is a common technique, 2 then some white precipitates could be found at the bottom. These are precipiates of titanium oxides, indicating complete removal of F -. 2, 3 Therefore, it is almost impossible to digest both types of elements. We must always pay attention to the chemical characteristics of target elements, and design the chemistry accordingly.
To provide chemical guidelines for the solution behavior of each element, we classified elements into 7 groups mainly based on the behavior of ions in diluted HF solution (<1 M) using the following terminology: (1) "fluorophile" elements; (2) insoluble fluoride-forming elements; (3) "bromophile" or "iodophile" elements; (4) "oxophile" elements; (5) "aquaphile" elements; (6) bare cation elements; and (7) other elements. Characteristics of these elements are summarized schematically in Fig. 1 , based mainly on Cotton and Wilkinson 4 and Korkisch. [5] [6] [7] [8] [9] As ions behave differently in forming complexes with hydrohalic acids depending on their valences, we chose in this classification the most common valences expected in silicate sample solutions.
Fluorophile elements include Ti, Zr, Nb, Hf and Ta. These elements form stable soluble fluoro-complexes in HF, 10 but are unstable in solution without F -because they easily hydrolyze. These elements are known as high field strength elements (HFSEs) in geochemistry, and generally are believed to be immobile elements in fluid processes such as weathering, hydrothermal alteration or subduction zone metamorphism. Boron forms BF3, BF4 -, BF3(OH) -, and B(OH)4 -. As B is soluble in HF, it also is categorized as a fluorophile element. Iron also has high affinity with F -, forming soluble fluoro-complex cations in HF solution, such as FeF2 + and FeF
2+
. The insoluble fluoride forming elements are those which form stable insoluble fluorides in HF, such as Ca, Mg, rare earth elements (REEs), and Th. These elements cause problems of insufficient dissolution and low yields by coprecipitation in the HF digestion. 2 In some cases, the fluoride is so stable that it cannot be decomposed by acid. 11 . Alkali elements and Ba form no complexes in dilute HF and behave as bare soluble cations, and are thus called "bare cation elements".
The stability of the complexes decreases in the order F -> Cl -> Br -> I -for some elements, but others have the opposite order of F -< Cl -< Br -<I -. There are no concrete theories for the order of stability. 4 
Coprecipitation Issues with Insoluble Fluorides

3·1 Composition of insoluble fluorides and coprecipitation
In this section, we briefly review the formation and composition of insoluble fluorides associated with coprecipiation of elements.
Coprecipiation results in loss of target elements. Furthermore, there is isotopic disequilibrium between the sample and a spike added prior to sample dissolution for isotope dilution (for ID, see Sect. 5·1). Coprecipitation prior to isotopic equilibrium often yields erroneous concentrations.
Yokoyama et al. 2 first analyzed mineral phases of fluorides formed during HF digestion of silicates. They found that MgF2, Na0.88Mg0.88Al1.12(F,OH)6·H2O, CaF2 or CaAlF5 are very stable once formed and cannot be easily decomposed by evaporation solely with HNO3, although they can be decomposed by evaporation with HClO4. As described in Sect. 2, these fluorides exist as a gel, so they are difficult to detect. Yokoyama et al. 2 also found that not only insoluble fluoride forming elements such as rare earth elements (REEs) and Th, but also some oxophile and bare cation elements such as U, Cs, Rb, Ba or even Na also coprecipitate together with these fluorides. Therefore, REE data without HClO4 evaporation must be doubted. This study also pointed out that the elimination of fluorine can be demonstrated by formation of white precipitates which are mainly composed of oxides/hydroxides of Ti and other fluorophile elements. This clearly indicates that the contrasting behaviors of the insoluble fluoride forming elements and the fluorophile elements make their simultaneous measurements difficult or impossible. Many studies report the simultaneous measurement of REE and Zr (e.g. Eggins et al.), 13 but in our point of view there is a risk of loss of one or the other element. 10, 14 Silicate samples are usually digested with HF at relatively low temperature of ~70 C in an ultrasonic bath (called hereafter as an "ultrasonic method") but sometimes at a higher temperature of 205 C in a Teflon bomb (called a "bomb method") in our laboratory. The latter is a prerequisite procedure to decompose acid-resistant minerals such as zircon. Takei et al. 11 first found that the composition of fluorides is different in ultrasonic and bomb methods. In the bomb method, very stable AlF3 forms in Al-rich samples like granites, rhyolites or sediments. They found that AlF3 cannot be decomposed with successive evaporation with HClO4. To make matters worse, AlF3 also coprecipitates with insoluble fluoride-forming elements such as REEs and Th. They also pointed out that isotopic equilibrium for REE is not achieved when AlF3 forms. To overcome this problem, they invented a Mg-addition method in which a Mg solution is added before the bomb digestion, making (Ca+Mg)/Al >1. In this condition, fluorides form which can be decomposed by evaporation with HClO4.
Tanaka et al. 15 extended mineralogical studies of fluorides in more detail, and revealed that the fluorides which form depend on the Al-Ca-Mg compositions of the HF solution. Figure 2 indicates the tested composition, and Table 1 shows the mineralogical description of the fluorides. This study is very important when we start digesting silicate samples for determination of insoluble fluoride forming elements without forming AlF3. 14, 15 these are also used in Table 1 . Hatched area shows the low recovery yield fields for Zr and Hf by the bomb method. 15 A thick broken line depicts the boundary between full (lower region) and poor (upper region) recovery yield fields for Nb and Ta in the bomb method. 15
3·2 Coprecipitation of fluorophile/oxophile elements
Makishima et al. 10, 16 and Makishima and Nakamura 17, 18 developed determination methods for fluorophile/oxophile elements such as B, Ti, Zr, Nb, Mo, Sb, Hf, Ta and W. In these methods, selective dissolution of fluorophile/oxophile elements while leaving insoluble fluoride forming elements is applied to preconcentrate the target elements. This method enabled us to introduce sample solutions without matrix effects down to a dilution factor (DF; final sample solution in ml/an original sample weight in g) of 100. Fluorophile/oxophile elements are sometimes thought to be soluble in HF solution even when coexisting with insoluble fluorides. However, Tanaka et al. 15 found that Zr and Hf sometimes coprecipitate with MgF2 and CaF2 (see Fig. 2 and its caption). Zirconium and Hf are incorporated into MgF2 in the ultrasonic method, but not in the bomb method, because the number of lattice defects which incorporate Zr and Hf decreases at higher temperature. Niobium and Ta do not coprecipitate with MgF2 in either the ultrasonic or the bomb method. In contrast, CaF2 incorporates large amounts of Nb and Ta as well as Zr and Hf. Therefore, yields of Zr, Nb, Hf and Ta are low, and Zr and Hf cannot be isotopically homogenized in ID, resulting in inaccuracy. In order to achieve complete recovery yields and isotopic homogenization for these elements, Tanaka et al. 15 developed an Al-addition method in which addition of Al prevents forming CaF2, but promotes forming Al-Ca fluorides that can release these fluorophile/oxophile elements into HF solution.
Lu et al. 14 further examined coprecipitation behaviors of fluorophile/oxophile elements of Ti, Mo, Sn and Sb. They found that the coprecipitation occurs in the composition of A in Table 1 and Fig. 2 , but does not occur in other conditions in the Al-Ca-Mg-HF system.
Little is known about the coprecipitation behavior of bromophile/iodophile elements. Makishima et al. 19 decomposed 0.2 g of peridotite with HF-HBr in a Teflon bomb at 245 C, removed insoluble fluorides by centrifugation, and collected Ru, Pd, Os, Ir, Pt (PGEs) and Re from the supernatant with anion exchange chromatography. In this digestion, PGEs and Re are considered to be mixtures of fluoro-and bromo-complexes. The recovery yields including the chromatography were >90% for Ru, Pd, Os and Pt, and >80% for Re and Ir. These observations suggest that the incorporated amounts of PGEs and Re into fluorides are <20%. However, further studies are required to examine the coprecipitation.
3·3 Application of coprecipitation
Makishima and Nakamura 3 developed a new preconcentration technique for Zr, Nb, Mo, Hf, Ta and W employing coprecipiation with Ti compounds. As described before, Yokoyama et al. 2 Table 1 Fluoride compositions in Al-Ca-Mg-HF system (compositions A -W correspond to those in Fig. 2 )
found that complete elimination of fluorine produces Ti compounds (oxide/hydroxides 
Determination of Volatile Elements
In evaporation with hydrohalic acids, it should always be noted that some elements form volatile halides. For example, SiF4 (boiling point 187 K), BF3 (173 K), AsF3 (210 K), GeF4, SbF3 and GeCl4 evaporate or sublime. 23 In addition, Se and Te can also form volatile SeF4, SeF6 or TeF6. Evaporation experiments for B in an HF solution which contained only B or B with a basaltic matrix, gave yields of 9% and 75 -84%, respectively. 10, 14, 24 This evaporation of B is suppressed by addition of mannitol to form a stable boron-mannitol complex in HF media. 24, 25 This evaporation procedure also appears effective for Sb in a rock matrix, as no sublimation loss of Sb is reported. 17 However, in preliminary experiments, evaporative loss of Ge, As and Se was observed in this procedure. However, this problem can be overcome by addition of aqua regia for Se. 26, 27 Based on this, Makishima and Nakamura 28 have established a determination method for Ge, As, Se and Te using ID-IS (for ID-IS, see Sect. 5·1) by octopole reaction cell (ORC) ICP-MS without hydride generation. Helium and hydrogen gases were used as collision gases for Ge, As and Te, and Se, respectively. Another advantage is that S, Zr, Nb, Mo, Sn, Sb, Hf and Ta can be measured from the same solution.
Sulfur is also a volatile element and forms sulfides in silicate samples. When HF is added, H2S gas forms and S is easily lost. To overcome this problem, Makishima and Nakamura 29 have developed the new digestion technique using a HF-HNO3-HBr mixture. When HNO3 is added to HBr, Br2 is produced spontaneously, which effectively oxidizes H2S and native sulfur into the nonvolatile SO4 2-ion. They combined isotope dilution with high-resolution ICP-MS to resolve 32 S + from 16 O2 + for determination of S in silicate materials with simple chemistry.
Osmium and Re are also volatile elements when they are not in metal form. Makishima and Nakamura 19, 30 developed a determination method of Ru, Pd, Os, Ir and Pt as well as 187 Os/ 188 Os isotope ratios in silicate samples using reductive digestion with HF-HBr in a Teflon bomb. However, it was found that highly refractory metal phases are not completely dissolved by the reductive digestion. To overcome this problem, a "quartz glass bomb" was designed and used for dissolution of silicate samples using aqua regia. 31 In spite of the volatility of Os and Re, a desolvating system was tried and amounts of Os and Re in ICP-MS are successfully reduced comparative to those of negative thermal ionization mass spectrometry (N-TIMS) to achieve similar reproducibility. 32 The desolvator removes solvents and only dried sample droplets are introduced into the plasma.
Some Special Techniques in Elemental/Isotope
Analyses Using Solution Nebulization
5·1 Isotope dilution (ID) and isotope dilution-internal standardization (ID-IS) methods
In this section, we briefly explain ID and ID-IS methods which are often used in precise elemental analysis in silicates. 14, 33, 34 The concentration of element Z in a sample is calculated by the following equation:
where XZ sample is the concentration of Z in the sample; msample is the sample mass; p is the absolute amount of Z in msample; A, B and R are the isotope ratios in the sample, spike and sample-spike mixture; P′ is the spike solution mass; and Q is the pseudo-concentration of the spike. The Q value is a constant including the concentration of the spike solution, atomic weights and abundances of the spike and the sample. The Q value is calibrated by measurements of replicate mixtures of the spike and standard solutions using ICP-MS. The spike is an enriched (stable) isotope for one isotope of the target element. The ID-IS method uses the element Z as the internal standard, and other elements (e.g. G) are determined based on the elemental ratio of G/Z.
Intensity ratios for Gi over Zi (Gi and Zi indicate one isotope of each element) of the sample and the standard solution are defined as:
and
where "I" represents the intensity. It should be noted that the yield of G and Z must be 100%. A relative concentration factor for G against Z, which is the ratio of the concentration in the solution to the signal intensity of the measured isotope is defined as:
where XG std and XZ std are concentrations of G and Z in the standard solution. The concentration of G in the sample (XG sample ) is obtained from measurement of the sample solution as:
where IGi sample is the intensity of Gi in the sample solution, and IZi* sample is the net intensity of Zi in the sample without a spike contribution. In ID, IZi* sample is obtained by:
From Eqs. (1) - (6), we obtain the concentration of element G in the sample (XG sample ) as:
The largest merit of ID-IS is that once one element (Z) concentration achieves isotope equilibrium, all other elements (G) as well as Z can be determined without knowing exact dilution factors. However, it is required that all elements including Z must be recovered perfectly.
5·2 Flow injection (FI) and pseudo-flow injection (pseudo-FI) methods
In the flow injection (FI) method, a constant amount of sample solution is introduced into ICP-MS using a 3-way valve attached with a sampling loop. 35 The valve injects the sample solution into the sample introducing tube without any bubbles. Therefore, the sample is diluted in the tube to the nebulizer, making it possible to introduce higher concentration (smaller DF) solutions. In addition, the consumption of sample solution can be minimized compared to a conventional continuous sample introduction method, because in the continuous introduction method we have to wait until the sample solution reaches the mass spectrometer and stabilizes. In contrast, FI collects transient signals, so that sample solution consumption can be reduced. The demerit is that the method cannot be operated with an auto sampler without a sophisticated system. Makishima and Nakamura 34 invented a pseudo-FI method using a commercially available auto sampler. The sample probe is placed in the sample solution for 40 s, and then rinse acid is aspirated. During the sample introduction, background data are integrated before the sample reaches the plasma. Immediately after the sample reaches the mass spectrometer, the transient signal is accumulated. With this technique using Agilent 7500cs ICP-MS, Makishima and Nakamura 34 obtained pg ml -1 detection limits with sample consumption of 0.013 ml.
5·3 Multiple ion counting (MIC) system
Some multicollector (MC) ICP mass spectrometers are equipped with multiple ion counters (channeltrons) for precise isotope ratio determination. The MIC system requires gain determination of each channeltron and mass discrimination correction. All channeltrons have different gains, and these gains need to be determined with the target element because the gain can change from element to element. 36 The gain and mass discrimination can be simultaneously determined by measurement of a standard solution whose isotope ratios are precisely known. As described in Sect. 4, Makishima and Nakamura 32 
5·4 Total integration method
In thermal ionization mass spectrometry (TIMS), a total evaporation technique (TE) is sometimes used. 38 In TE-TIMS, all signals are collected during measurement. Makishima et al. 37 applied this idea to ICP-MS, and developed a total integration method (TI-ICP-MS). Data integration starts just after the sample probe is put into the sample solution, and all signals are integrated. Because air is aspirated into the nebulizer, the effects of the air on backgrounds as well as sample signals need to be examined beforehand when TI-ICP-MS is employed. Using this technique, Makishima et al. 37 obtained a 3-sigma detection limit of 0.002 fg ml -1 or 0.4 ag for 226 Ra.
Future Challenges in Element Analysis
High recovery yield, small procedural blank and good detection limit, sensitivity with good repeatability and intermediate precision and simple chemistry are keys to achieving high precision quantitative analyses. Reducing the amount of target elements is also important. These issues are highly dependent on development of new analytical instruments and techniques. However, as explained in the introduction, the characteristics of each element must be taken into account in development of analytical methods.
This review has shown that fluorophile elements need to be analyzed separately from insoluble fluoride forming elements. 10, 14, 17, [33] [34] [35] 39, 40 In order to reduce the sample amounts and to make the effect of sample powder heterogeneity as small as possible, the simultaneous dissolution of the insoluble fluoride forming elements together with the fluorophile elements is required. This may be possible by combinations of chelating reagents, hydrogen peroxide, 20, 41 perfect separation of the fluorophile elements using Ti oxides formation, 3 aqua regia digestion using a glass bomb 31 Ra of 500, 600 and 1 fg are required by TIMS, respectively. 36, 38, 42 However, recent sophisticated ICP-MS methods can reduce the amounts to 30, 4 and 0.3 fg. 37, 43 Such developments must be always challenged by analytical scientists and by requirements from "ambitious" users like us.
